ABSTRACT
INTRODUCTION
MgH is a well known molecular constituent of cool star atmospheres. The most prominent spectroscopic signature is the A 2 Π-X 2 Σ + bands in optical green spectra. Laboratory spectra of the dominant 24 MgH isotopologue have been analyzed in a series of papers by Shayesteh, Bernath and collaborators (Shayesteh & Bernath 2011; Shayesteh et al. 2007 Shayesteh et al. , 2004 Bernath et al. 1985) . Most recently they have calculated new Einstein A values for the A 2 Π-X 2 Σ + and B 2 Σ + -X 2 Σ + systems (GharibNezhad et al. 2013) . This work was preceded in the 1970s by the analysis of Balfour and co-workers on MgH optical and ultraviolet spectra (Balfour 1970, 1980, and references therein) . In this paper we analyze laboratory spectra of the MgH A-X system to produce a much improved linelist for the two less abundant 25 MgH and 26 MgH isotopologues.
The principal motivation for the current work is to enhance the use of MgH as a probe of the astrophysically important Mg isotopes. However, a MgH linelist including all the isotopes has applications in various other projects requiring analysis of the detailed structure of the A-X bands. The A-X MgH transition can be used as probe of stellar photospheric temperature (Wyller 1961) and surface gravity (Bonnell & Bell 1993) . MgH is a source of line and continuum opacity in cool dwarfs (Weck et al. 2003a (Weck et al. , 2003b with the A-X transition observed as cool as L4 (Reid et al. 2000) . In cool dwarfs detection of MgD has been proposed to distinguish brown dwarfs from planetary mass objects (Pavlenko et al. 2008) . It has been known for nearly a century that the spectrum of MgH exhibits the Zeeman effect. Almy & Crawford (1929) present an analysis of the splitting as a function of magnetic field strength for the A-X transition in laboratory spectra. Wöhl (1969) made the first observations of Zeeman effect in the MgH A-X spectrum in sunspots. The spectrum of MgH from the quiet Sun shows linear polarization due to scattering in the solar atmosphere (Mohan Rao & Rangarajan 1999) . The Hanle effect in MgH lines, resulting from rotation of the polarization by weak solar magnetic fields, has been used to study the small scale solar structures in the photosphere (Asensio Ramos & Trujillo Bueno 2005) . A detailed understanding of the isotopic spectrum should be especially useful in this kind of detailed spectrum synthesis.
Magnesium has three stable isotopes, 24 Mg, 25 Mg, and 26 Mg. The most common isotope is 24 Mg with the terrestrial isotopic abundance ratio of 78.99:10.00:11.01 (Catanzaro et al. 1966) . The bands of the MgH A 2 Π-X 2 Σ + transition in the optical spectra of solar and later type stars hold the potential for isotopic analysis over a large range of temperatures and abundances (Cottrell 1978) . Knowledge of the Mg isotopic ratio has historically come from study of the A-X transition. The first study of Mg isotopes in cool stars was conducted by Boesgaard (1968) using photographic coudé spectra (see Yong et al. 2003 , and references there in). Increases in resolving power and signalto-noise ratios (S/Ns) of modern telescopes/spectrographs have led to studies of Mg isotopic abundances in a variety of field and globular cluster stars (see references in Yong et al. 2006; Meléndez & Cohen 2007) .
The magnesium isotopic ratios are probes of the heavy element enrichment of the universe. In massive stars 25 Mg and 26 Mg are produced during He burning by 22 Ne(α, n) 25 Mg followed by neutron capture conversion of some 25 Mg into 26 Mg. 24 Mg is produced during carbon burning. However, explosive carbon burning can produce all three Mg isotopes. The 22 Ne(α, n) 25 Mg reaction also is active in thermally pulsing stars. Tomkin & Lambert (1980) note that a common feature of these sources of Mg is the dependence of 25 Mg and 26 Mg production on the initial abundance of heavy elements. The production of 24 Mg is nearly independent of the initial abundance of heavy elements. Low abundances of heavy elements will result in more 24 Mg relative to 25 Mg and 26 Mg. Measuring the Mg isotopic ratio from MgH lines is a difficult observational problem. Cool stellar spectra in the 5000-5200 Å region are very complex, as can be seen in line identifications by Hinkle et al. (2000) of the K giant Arcturus. The lowest-lying MgH A-X system rotational lines are spin doublets divided into three hyperfine transitions due to the nuclear spin. The isotopic splitting of these lines is small, typically 0.1 Å for the (0, 0) band. High resolution, high S/N, and spectrum synthesis are required to measure the isotopic ratio. Isotopic splitting for the Figure 1 . Unblended MgH lines from the three isotopologues in the hollow cathode spectrum compared with a sunspot spectrum. The intensity normalization of the laboratory spectrum is arbitrarily chosen to best display the MgH lines, and that of the sunspot spectrum is set to approximate the local continuum level. The abscissa is wavelength in Å units in air.
weaker (0, 1) and (1, 2) bands is larger (0.4 Å) but the spectrum is complex with many blends. Use of other transitions, e.g., B 2 Σ + -X 2 Σ + (Wallace et al. 1999) , has not proved generally useful since the stronger A-X lines are required to probe the weak isotopes.
In the following section we present our analysis of the 25 MgH and 26 MgH isotopologue spectra. Spectroscopic constants and term values are presented. Tables of line wavenumbers and wavelengths are also presented. In the final section we apply the new linelist to the spectrum synthesis of a dwarf and giant star.
OBSERVATION AND ANALYSIS
Rotationally resolved lines within the A 2 Π-X 2 Σ + state transition of the 25 MgH and 26 MgH isotopologues were measured from spectra recorded by J. Black, P. F. Bernath, C. R. Brazier, and R. Hubbard in 1984 (National Solar Observatory (NSO) archive reference 1984/03/13/#2) with the 1 m Fourier transform spectrometer associated with the McMath-Pierce Solar Telescope of the NSO at Kitt Peak. The instrumental setup used using a water-cooled Mg hollow cathode lamp operated with 300 mA current at 200 V. A slow flow of about 0.914 torr of Ar with a trace of H 2 produced the observed spectrum of MgH. The experiment and the analysis were focused on determining wavelength information. Intensities were not analyzed. The spectral line positions were extracted from the observed spectra using a data reduction program called PC-DECOMP developed by J. Brault. The peak positions were determined by fitting a Voigt line shape function to each spectral feature. Two short intervals extracted from the hollow cathode spectrum are illustrated in Figures 1 and 2 . A detailed discussion of the reduction of a 24 MgH spectrum recorded during the same observing session using the same software package can be found in Bernath et al. (1985) .
In addition to the MgH bands a number of Ar lines are also present in the spectra. The spectral line positions were calibrated using the Ar line measurements of Whaling et al. (2002) as corrected by Sansonetti (2007) . The line positions are expected to be accurate to 0.005 cm −1 or better except those lines overlapped by the much stronger 24 MgH isotopologue. Spectra of the main isotopologue, 24 MgH, have been studied in detail by Bernath et al. (1985) and later by Shayesteh & Bernath (2011) . Therefore, the aim of the present work was to provide improved measurements of the weaker isotopologues, 25 MgH and 26 MgH in the Δv = 0 and Δv = −1 sequence bands. In the beginning some rotational lines of the two weaker isotopologues were measured with the help of lines positions published by Balfour (1970) . A least-squares fit of these lines was obtained using Brown's N 2 Hamiltonian (Brown et al. 1979) . The matrix elements for the 2 Π state are provided by Amiot et al. (1981) and those of the 2 Σ state are provided by Douay et al. (1988) . After the initial fit, the positions of a number of higher J rotational lines were predicted using the fitted spectroscopic parameters and the line assignments were extended to higher J. These predictions were very helpful in identifying the rotational lines in the head-forming P 1 and P 2 branches which were difficult to find because of overlapping near the band heads.
Rotational lines belonging to all six main branches R 1 , R 2 , Q 1 , Q 2 , P 1 , and P 2 were measured in the spectra of the 0-0, 0-1, 1-1, and 1-2 bands of both isotopologues. However, in the 2-2 and 2-3 bands only a few lines of the R 1 and R 2 branches were identified in addition to the Q 1 and Q 2 branches. The P 1 and P 2 lines could not be assigned in these two bands; the lines are very weak and the line positions severely overlap. The measurements in these bands have higher uncertainty compared to the other bands because of the poor S/N. In the 0-0 band of the two isotopologues the lines up to J = 35.5 (in the Q 1 branch) were identified and included in the final fit. In the 0-1, 1-1, and 1-2 bands the rotational lines were identified up to N = 28.5. However the observations were limited to N < 18.5 in the 2-2 and 2-3 bands.
The spectroscopic parameters Table 9 and in air wavelengths (Å) in Table 10 . The air wavelengths were computed from the vacuum wavenumbers using the Edlén (1953) equation for the index of refraction of air at standard temperature and pressure. For the convenience of the reader we have included wavenumbers and wavelengths for 24 MgH from the work of Shayesteh & Bernath (2011) . The O − C values are provided for all three isotopologues for observed lines.
In Figures 1 and 2 the hollow cathode spectrum is compared to the sunspot spectra of Wallace & Livingston (2005) . 6 For the MgH lines illustrated (N = 11 and 26) the Zeeman effects are negligible for the sunspot magnetic fields. The complexity of the cool star spectra is apparent. The 5121 Å lines are bracketed by an Ti i and Fe i line. The 5134 Å lines are bracketed by an Fe i and Cr i line. Additionally, weak C 2 lines are plentiful in these spectral regions. In spite of this atomic and molecular transition complexity, the detailed concordance between the emission wavelengths of all MgH isotopologues and sunspot absorption features argues for the reliability of our 25, 26 MgH line measurements. 
APPLICATION OF THE NEW MgH LINE LISTS TO STELLAR SPECTRA
We have applied our new MgH line data to the spectra of two well-studied field stars. We generated synthetic spectra to compare with observed spectra of HD 25329 and Arcturus. HD 25329 is a cool metal-poor main-sequence star: T eff /log g/v turb /[Fe/H] = 4800 K/4.66/0.6/−1.84 (e.g., Bergemann & Gehren 2008) . It is notable for strong CN bands and consequent nitrogen overabundance (e.g., Harmer & Pagel 1973; Sneden 1974 ), a rarity among unevolved metal-poor stars. Arcturus is the brightest mildly metal-poor giant (4300 K/1.50/1.5/ −0.50; e.g., Bergemann et al. 2012) , and as such has been spectroscopically investigated many times. Each of these stars has had previous Mg isotopic studies. The derived Mg isotopic ratios, unlike the Mg abundance, are highly insensitive to consistent variations in the adopted atmospheric parameters. The strongest lines of the A 2 Π-X 2 Σ + system lie in the 5000-5200 Å spectral region. This wavelength domain presents (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.) (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.) (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.) Shayesteh & Bernath (2011) .
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
generally concentrated on a few features. For our synthetic spectrum tests, we assembled a linelist consisting of MgH lines from this study, C 2 from Brooke et al. (2013) , and atomic lines from the Kurucz (2011) database. 7 We neglected lines of the C 2 isotopic form 12 C 13 C, since the parent 12 C 2 lines are always weak in the Sun and stars considered here.
We applied this linelist to the solar spectrum, computing a synthetic spectrum using the current version of the LTE line analysis code MOOG (Sneden 1973 ) and adopting the Holweger & Mueller (1974) model solar atmosphere. In this procedure we adopted the solar-system Mg isotopic fractions given above. The resulting synthetic spectrum was compared to an electronic copy of the NSO Solar Flux Atlas (Wallace et al. 2011), 8 and the transition probabilities and wavelengths of atomic lines were altered until a satisfactory match between synthesis and observation was achieved. We assume that the transition strengths of the individual MgH lines are isotopologue independent.
We then produced synthetic spectra for HD 25329 and Arcturus with the iterated linelist and model atmospheres interpolated 9 from the ATLAS grid (e.g., Kurucz 2005) . The synthetic spectra were Gaussian-smoothed to match the observed spectra. For the HD 25329 observational data we used a high resolution, high S/N spectrum observed by David K. Lai using Hamspec at Lick Observatory on 2011 August 18. The resolution is ∼80,000 and the S/N at 5150 Å is ∼ 220. For Arcturus we used the NOAO Arcturus Spectral Atlas (Hinkle et al. 2000) .
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Observations for the Arcturus atlas utilized the Kitt Peak coudé feed. The section of spectrum used was observed at a resolution of ∼140,000 with S/N > 500.
In Figure 3 we show observed and computed spectra for 
